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At fertilization periodic Ca2/ oscillations release oocytes from meiotic arrest. The present study examined whether these
oscillations have a long-term role in pre- and postimplantation development, independent of their immediate effect. Sr2/-
containing medium was used to induce oscillations during exit from meiosis and ®rst embryonic mitosis and Sr2/-activated
parthenotes were compared to ethanol-activated parthenotes and embryos generated by in vitro fertilization. After embryo
culture, blastocysts were differentially stained for the inner cell mass and trophectoderm. It was found that oscillations
both during exit from meiosis and during mitosis acted to increase the number of inner cell mass cells. In contrast, the
trophectoderm cell number was largest in ethanol-activated parthenotes and smallest in fertilized embryos. Postimplanta-
tion development was also modestly improved by extending the time of exposure to Sr2/-containing medium. Together
these data suggest that Ca2/ oscillations have a role in long-term embryonic events and that they provide more than merely
a stimulus for meiotic resumption. q 1997 Academic Press
INTRODUCTION for 2 hr but were seen in parthenotes cultured continu-
ously in Sr2/-containing medium (Kono et al., 1996).
Therefore, the generation of Ca2/ transients required bothSperm induce meiotic resumption in mammalian oo-
the presence of an appropriate stimulus, such as the Ca2/cytes by a series of Ca2/ oscillations which last several
releasing factor of sperm, or Sr2/, and a sensitive Ca2/-hours (Cuthbertson and Cobbold, 1985). These periodic
releasing environment, a MII oocyte or mitotic one-cellrises in Ca2/ lead to a decline in the factors which arrest
embryo.oocytes at metaphase II (MII), by an as yet ill-de®ned
The intracellular Ca2/ chelator BAPTA blocks both fer-mechanism. Sperm-induced Ca2/ transients appear de-
tilization (Kline and Kline, 1992) and entry into the ®rstpendent on cell cycle events occurring in the oocyte, since
embryonic mitotic division (Kono et al., 1996). Althoughthey cease at pronucleus formation but continue inde®-
there is agreement that Ca2/ plays a pivotal second mes-nitely if colcemid is added to block entry into interphase
senger role at fertilization, its role during mitosis is not(Jones et al., 1995). Furthermore, one-cell embryos show
de®ned. This is because global mitotic Ca2/ release is nota Ca2/ transient at nuclear envelope breakdown (NEB)
necessary for cell cycle progression since parthenotes dowhich marks entry into mitosis after exit from interphase
not show any detectable Ca2/ changes (Kono et al., 1996)(Tombes et al., 1992). Recently Ca2/ transients were ob-
and yet readily undergo cell division. It may therefore beserved at low frequency during the entire mitotic period
that mitotic Ca2/ transients are often too local or smalluntil nuclei formed in the two-cell embryo (Kono et al.,
to be detected by conventional Ca2/ recording. The imme-1996). This was interpreted in terms of a change in cell
diate events associated with mitosis progress indepen-cycle sensitivity to sperm-induced Ca2/ release, which
dently of the magnitude of Ca2/ released. However, it hasis high in mitosis (and exit from meiosis), but low in
not been determined whether mitotic Ca2/ transientsinterphase. Mitotic Ca2/ changes were not observed in
have a long-term rather than immediate effect and in thisoocytes activated by a brief exposure to ethanol or to Sr2/
respect the size of the transients may be important. The
ability of Ca2/ changes to have long-term effects is sup-
ported by the ®nding that in one- and two-cell mouse1 To whom correspondence should be addressed. Fax: (44)-181-
767-9109. E-mail: kjones@sghms.ac.uk. embryos a rise in intracellular Ca2/ induced by 0.1% etha-
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speci®c ¯uorochromes as described by Handyside and Hunternol increases the rate of blastocyst formation and acceler-
(1984). Zona-free embryos were exposed for 10 min at 377C to heat-ates blastocyst cavitation (Leach et al., 1993; Stachecki
inactivated rabbit anti-mouse spleen cell antiserum (gift of Dr. K.et al., 1994).
Hardy, Hammersmith Hospital, London) diluted 1:10 with M2. ToThe aim of the present study was to determine if Ca2/
stain the TE cells embryos were washed in M2 and transferred totransients during exit from meiosis and during the ®rst em-
a 1:10 dilution of guinea pig complement in M2 containing 0.01
bryonic division affect blastocyst trophectoderm (TE) and mg/ml propidium iodide for 30 min at 377C. Only the external,
inner cell mass (ICM) number. Embryos were incubated antibody-bound, TE cells are lysed by complement and therefore
with or without Sr2/ during critical periods of the ®rst em- stained by propidium iodide. To stain the ICM, embryos were then
bryonic cell cycle and it was found that the induction of ®xed and stained with 0.05 mM Hoechst 33258 for at least 4 hr.
Labeled blastocysts were pipetted into glycerol and mounted indi-Ca2/ transients can increase the number of ICM cells at the
vidually onto coverslides which were then coded and examined inblastocyst stage.
a random order using an inverted microscope ®tted for epi¯uores-
cence.
MATERIAL AND METHODS
Intracellular Ca2/ Measurements
Oocyte Collection and Culture
Oocytes and embryos were incubated for 30 min at 377C in M2
Twenty-one- to 24-day-old B6CB (C57BL/6JLac 1 CBA/CaLac) containing 50 mM indo-1 AM with 0.02% of pluronic F127 to aid
F1 hybrid mice were superovulated by 7.5 iu of pregnant mares' dye dispersion. After loading they were washed in M2 and the
serum gonadotrophin and 5 iu of human chorionic gonadotrophin zona pellucida was removed by a brief incubation in acid Tyrode's
(hCG) given 48 hr apart. Oocytes were released from the oviducts medium. The zona-free oocytes and embryos were transferred to a
at 14 ±15 hr post-hCG into medium M2 and the cumulus cells heated chamber (Intracel) containing the appropriate medium un-
were removed by hyaluronidase (Fulton and Whittingham, 1978). der paraf®n oil. Ca2/ readings on individual cells were made using
Oocytes were cultured at 377C in medium M16 under paraf®n oil a Nikon diaphot inverted microscope ®tted for epi¯uorescence
in an atmosphere of 5% CO2 in air (Whittingham, 1971). All media with an excitation wavelength of 350 nm and emission wave-
containing Sr2/ were modi®cations of M16 where CaCl2 was re- lengths recorded at 405 and 490 nm (Carroll and Swann, 1992).
placed by 10 mM SrCl2. Intracellular Ca2/ levels were recorded in terms of a ratio of ¯uo-
rescence (F405/F490) which increases with a rising intracellular Ca2/.
In Vitro Fertilization and Activation
RESULTSThe methods for fertilization in vitro and embryo transfer have
been described previously (Wood et al., 1987). Brie¯y, oocytes were
incubated with capacitated B6CBF1 sperm at a concentration of 1± We wished to examine the effect of Ca2/ transients during
2 1 106/ml in medium T6 (Quinn et al., 1982) containing 15 mg/ oocyte activation and during ®rst mitosis on preimplanta-
ml fraction V BSA. After 4 hr the oocytes were washed in medium tion embryo development. Therefore oocytes were incu-
M16 and cultured in drops of the same medium under paraf®n oil. bated with Sr2/-containing medium for 2, 8, or 24 hr or for
For activation oocytes were cultured in M16 containing Sr2/ for 2 hr and then again at 10 hr for an additional 6 hr which
various times as stated under Results or placed in M2 containing encompassed ®rst embryonic mitosis (and was designated
7% ethanol for 5 min at 377C. After treatment oocytes were washed
2 hr /M). On the basis of previous ®ndings (Bos-Mikich etand cultured in M16. Oocytes were scored for activation 6±8 hr
al., 1995; Jones et al., 1995; Kono et al., 1996) it was deducedafter commencing activation. To produce diploid parthenogenetic
that Ca2/ oscillations would occur at various times duringembryos, oocytes were treated with cytochalasin D (0.5 mg/ml) for
completion of meiosis and the ®rst embryonic cell cycle fora total of 6±8 hr from the start of activation.
these groups. The times were until extrusion of the second
polar body (2 hr), during exit from meiosis (8 hr), and during
Embryo Transfer exit from meiosis and again during ®rst mitosis (24 and 2
hr / M). The majority of embryos generated in this studyEmbryo transfers were performed using Sr2/-activated oocytes
were used for ICM and TE analysis at the blastocyst stage.that had cleaved to the two-cell stage. Embryos were placed into
However, a proportion of one-cell embryos were incubatedthe oviducts (6±8 embryos/oviduct) of B6CBF1 mice on Day 1 of
with indo-1 AM and used for intracellular Ca2/ measure-pseudopregnancy, i.e., the day on which the vaginal plug was de-
tected. Recipient mice were autopsied on Day 8 or 10 of gestation ment. As observed previously, Ca2/ oscillations were not
to count the number of implantation sites and fetuses. observed after pronuclei formation for all groups examined
(data not shown). Also the majority of parthenotes (10/14)
generated by a brief exposure to Sr2/ showed oscillations
Labeling of TE and ICM during the ®rst mitotic division when Sr2/ was readded prior
to NEB (Fig. 1). This agrees with our previously publishedDay 5 embryos cultured in vitro (103 hr post-hCG) were brie¯y
observation of oscillations in parthenotes (7/7) continu-exposed to acid Tyrode's solution and washed in medium M2. TE
and ICM nuclei were differentially labeled with polynucleotide- ously cultured in Sr2/-containing medium (Kono et al.,
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FIG. 1. Recording of an indo-1-loaded one-cell parthenogenetic embryo following NEB. Embryos were generated by a 2-hr exposure to
Sr2/-containing medium which was then readded before NEB as described under Materials and Methods. Oscillations were observed in
the majority of embryos con®rming a previous observation using embryos continuously cultured in Sr2/ from the time of activation (Kono
et al., 1996). Thus oscillations are dependent on the presence of Sr2/ only during mitosis and not during previous culture.
1996). In addition to the various groups activated with Sr2/, ratio of ICM to the total number of cells revealed that em-
bryos derived from oocytes activated by ethanol or Sr2/ forin vitro fertilized oocytes and oocytes activated by a brief
incubation with ethanol were examined. Fertilized embryos 2 hr had a signi®cantly lower ratio of ICM cells, and control
fertilized embryos had a signi®cantly higher ratios whenshow Ca2/ transients until pronucleus formation and again
during ®rst mitosis (Jones et al., 1995; Kono et al., 1996), compared to the other treatments (Fig. 3d). Embryos re-
sulting from oocytes exposured to medium containing Sr2/while ethanol causes only a large single rise in Ca2/ for the
period of its addition (Cuthbertson et al., 1981; Swann and for 8 hr, 24 hr, and 2 hr /M had intermediate ratios which
were similar in all cases.Ozil, 1994).
A total of 617 Day 5 blastocysts (103 hr post-hCG) ob- The above data suggest that an increased exposure to Sr2/
during exit from meiosis and during the ®rst embryonictained from the 6 treatment groups were labeled for TE and
ICM nuclei with over 100 embryos examined per group. mitosis can affect the number of cells in the ICM and TE
of the blastocyst. To examine how postimplantation devel-The lysed TE cells were labeled with propidium iodide and
the ICM cells were labeled with Hoechst 33258 (Fig. 2). A opment may be affected, two-cell embryos obtained after
activation by 2, 8, or 24 hr exposure to Sr2/-containing me-broad range of counts were found for all groups examined
with all groups having about four times more TE than ICM dium were transferred to the oviducts of Day 1 pseudopreg-
nant females. In total, 548 two-cell embryos were trans-cells. Ethanol-activated embryos and those exposed to Sr2/
for 2 hr had signi®cantly fewer ICM cells than all other ferred to the oviducts of 47 recipients of which 43 females
established pregnancy. A signi®cantly higher proportion ofgroups (Fig. 3a). An increased number of ICM cells were
observed in embryos exposed to Sr2/ for longer than 2 hr embryos derived from 24-hr exposure to the activating agent
implanted compared to those derived from a 2-hr exposureand also in the fertilized group. In contrast, the number
of TE cells was greatest in ethanol-activated embryos and (Table 1). However, prolonged exposure to Sr2/-containing
medium did not increase the competence of the embryosfewest in fertilized embryos, with all groups activated with
Sr2/ having a similar intermediate number (Fig. 3b). The to continue to develop. Four of the implantation sites con-
tained embryos in the 24-hr exposure group: one of the em-increased number of TE cells in the ethanol-activated group
concomitantly increased the total cell number and similarly bryos had eight somites and the other three consisted of
disorganized embryonic material. One apparently normal,the low number of TE cells in the fertilized group reduced
signi®cantly its total cell number (Fig. 3c). Analysis of the but developmentally retarded, head-fold-stage embryo was
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FIG. 2. A blastocyst differentially stained for ICM (blue) and TE (red) cells. TE cells having an external surface are lysed with guinea pig
complement following incubation with rabbit anti-mouse antibodies. The lysed cells are labeled with propidium iodide. The ICM remains
intact and is stained by incubation with Hoechst 33258.
obtained from the 8-hr group. In the 2-hr exposure group Preimplantation Development
only one disorganized embryo was found.
The second largest number of ICM cells and by far the
smallest number of TE cells were observed in fertilized em-
bryos. Fertilized embryos were not synchronously activatedDISCUSSION
by the fertilizing sperm as were those parthenogenetically
activated and yet all embryos were ®xed at 103 hr post-The results presented here suggest an association be-
hCG. Therefore, a delay of a few hours due to sperm penetra-tween the Ca2/ oscillations at activation and the ®rst em-
tion may have accounted for the reduced number of TEbryonic division with changes in both ICM and TE cell
cells. It is more remarkable on this basis that fertilized em-numbers at the blastocyst stage. Embryos parthenogeneti-
bryos had almost the highest number of ICM cells.cally activated by ethanol, which induces a single large Ca2/
It may be argued that the addition of cytochalasin D inrise, had the lowest number of ICM cells and the highest
order to diploidize parthenogenetic embryos may accountnumber of TE cells within the blastocyst. The number of
for the differences in ICM and TE cell number betweenICM cells increased when Ca2/ oscillations were induced
fertilized and parthenogenetically derived embryos. How-with Sr2/ for 2 hr at activation and further when Ca2/ tran-
ever, the addition of cytochalasin D to parthenotes was nec-sients were extended until pronucleus formation and/or in-
duced during ®rst mitosis. essary because diploid embryos develop better than hap-
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FIG. 3. ICM and TE analysis in 103 hr post-hCG blastocysts. (a) The ICM, (b) TE number, (c) total cell number, and (d) the ratio of ICM/
total cell number was calculated in 103-hr post-hCG blastocysts. Embryos were generated by IVF, exposure to Sr2/-containing medium
for various times, or by a brief exposure to ethanol (EtOH). *, signi®cantly different from all groups (P  0.01, Student's t test); /,
signi®cantly different from all groups except each other (P  0.01); 0, signi®cantly different from all groups except 24 hr (P  0.05); ,
signi®cantly different from each other (P  0.05).
loids. A greater proportion of diploids develop to the blasto- made or alternatively the fact that embryos were synchro-
nized at 3 days of culture at the eight-cell stage in the othercyst stage (Kaufman and Sachs, 1976), contain more ICM
cells (Kaufman, 1978), and give a better decidual response study may in¯uence the results. Embryos were not synchro-
nized in this study.(Kaufman and Gardner, 1974) than haploids. Furthermore,
in the present study differences in ICM and TE number were
observed between treatments of parthenogenetic embryos
Signal Transductionwhere the stimulus for such differences could not have been
cytochalasin D. ICM number was greater in both fertilized At present it is not known how Ca2/ oscillations during
exit from meiosis and during the ®rst mitotic division canembryos and parthenotes exposed to Sr2/-containing me-
dium for extended periods of time than in parthenotes ex- in¯uence the ICM and TE cell numbers several cell divi-
sions later at the blastocyst stage. Multiple oscillations areposed brie¯y to Sr2/ or ethanol.
Recently ICM numbers have been found lower in ethanol- regarded as necessary to drive exit from meiosis because a
monotonic rise in Ca2/ is a poor activator of freshly ovulatedactivated embryos than fertilized embryos when examined
120 hr post-hCG at the expanded blastocyst stage (Hardy mammalian oocytes (Swann and Ozil, 1994). In Xenopus
oocytes Ca2/ activates calmodulin-dependent protein ki-and Handyside, 1996). This is in agreement with the data
presented here, but in contrast they found that parthenotes nase II which drives the degradation of the cyclin B compo-
nent of maturation promoting factor, thereby initiating re-had signi®cantly fewer TE cells. The reason for this is not
clear but either the time post-hCG that measurements were lease from meiotic arrest (Lorca et al., 1993). Previous stud-
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TABLE 1
The Effect of Duration of Exposure to Sr 2/-Containing Medium on Development in Vivo
No. of
No. of 2-cell No. of No. of
Time in 2-cell embryos No. of embryos implantation No. of
Sr2/ (hr) embryos cultured blastocysts (%) transferred sites (%) fetuses (%)
2 249 22 16 (73) 180 106a (59) 1
8 301 47 41 (87) 188 116 (62) 1
24 301 35 28 (80) 180 126a (70) 4 (2.2)
Note. In total 548 2-cell embryos were transferred to the oviducts of 47 recipient of which 43 females established pregnancy. Embryos
derived from a 24-hr exposure to Sr 2/ have a signi®cantly higher implantation rate than those from a 2-hr exposure.
a Signi®cantly different from each other (x 2 test, P  0.05).
ies have suggested that the Ca2/ rises may also have a long- are induced with ethanol and A23187 (Stachecki et al.,
1994). It has been postulated that Ca2/ release through theterm effect, since in rabbit oocytes Ozil (1990) has shown
that manipulation of the pattern of Ca2/ oscillations during inositol trisphosphate receptor and activation of calmodulin
may modulate preimplantation development (Stachecki andthe period of activation, by means of electrical pulsing, can
profoundly affect the percentage of compacted morulae and Armant, 1996).
blastocysts for regimens that give similarly high levels of
activation (90%).
In Vivo DevelopmentIn addition to mouse embryos (Kono et al., 1996) mitotic
Ca2/ transients have been observed in fertilized sea urchin The improved preimplantation development of parthen-
otes exposed to Sr2/ during exit from meiosis and ®rst mito-eggs (Whitaker and Patel, 1990) and somatic cells (Kao et
al., 1990). In sea urchin, Ca2/ transients are associated with sis led only to a modest improvement in implantation rate
and postimplantation development. The increased implan-speci®c mitotic events such as the metaphase±anaphase
transition (Whitaker and Patel, 1990) suggesting Ca2/ drives tation rate may be because embryos with higher ICM num-
bers survive for longer and are more viable by the time theythese events. Although global Ca2/ transients are not ob-
served consistently in mouse embryos (Tombes et al., 1992), have to induce a decidua response. Postimplantation studies
of epigenetic phenomena are made dif®cult by the effectssea urchin embryos (Whitaker and Patel, 1990), or somatic
cells (Kao et al., 1990), the release of Ca2/ at NEB in the of genomic imprinting in which the expression of genes is
affected by their parental origin (Reik et al., 1987). However,sea urchin can go undetected by conventional methods of
Ca2/ recording since it is sometimes localized to the perinu- in rabbit the morphology of Day 10±11 parthenogenetic
embryos is affected by manipulating the pattern of Ca2/clear region (Wilding et al., 1996).
The results presented here suggest that mitotic Ca2/ tran- transients during activation (Ozil, 1990) and an increased
implantation rate in two-cell mouse embryos treated withsients can act, in conjunction with meiotic Ca2/ transients,
to affect cell fate several divisions later. In somatic cells a 0.1% ethanol has also been observed (Wiebold and Becker,
1987).rise in intracellular Ca2/ is known to stimulate long-term
events such as differentiation (Fuchs, 1993; Spitzer, 1994). Comparisons with respect to development have been
made in the present study between parthenotes and fertil-These events are probably mediated by changes in gene tran-
scription since Ca2/ can affect the transcription of several ized embryos. It would be bene®cial to determine the effect
of buffering the Ca2/ transients in fertilized embryos alone,genes, most notably members of the fos and jun family
(Sheng et al., 1990; Pribnow et al., 1992). It has yet to be during critical periods following activation and ®rst mitosis.
This may then show a direct effect of Ca2/ transients ondetermined whether the Ca2/ transients observed in mouse
embryos have a similar effect on the transcription of regula- development. This is however dif®cult because chelation of
intracellular Ca2/ with BAPTA not only blocks both oocytetory genes which ultimately affect cell fate and the compo-
sition of the blastocyst. activation (Kline and Kline, 1992) and ®rst mitosis (Kono
et al., 1996) but also is not readily washed out. Any manipu-Improved development of mouse embryos has also been
observed when agents which induce arti®cial Ca2/ rises are lation which inhibits Ca2/ release such as buffering with
EGTA or addition of thapsigargin will ultimately affect in-added to the culture medium. Ethanol (0.1%) for 24 hr dur-
ing either the one- or two-cell stage, but not the four-cell tracellular Ca2/ stores and have unwanted effects such as
inhibition of protein synthesis (Prostko et al., 1993; Srivas-stage, increased blastocyst hatching and rates of blastocyst
formation (Leach et al., 1993). Increased rates of blastocyst tava et al., 1995).
Ca2/ oscillations at fertilization have long been knowncavitation and expansion occur in morulae, where Ca2/ rises
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tion and embryo transfer. J. Embryol. Exp. Morphol. 31, 635±to be the primary signal to induce release from meiotic
642.arrest. More recently studies have shown that the frequency
Kaufman, M. H., and Sachs, L. (1976). Complete preimplantationof the oscillations plays a role too in subsequent embryonic
development of parthenogenetic embryos. J. Embryol. Exp. Mor-development. Here we have described data which suggest
phol. 35, 179±190.that the composition of the blastocyst is affected by the
Kline, D., and Kline, J. T. (1992). Repetitive calcium transients and
pattern of oscillations not only during exit from meiosis the role of calcium in exocytosis and cell cycle activation in the
but also during the ®rst embryonic division. This represents mouse egg. Dev. Biol. 149, 80±89.
an epigenetic effect on preimplantation development which Kono, T., Jones, K. T., Bos-Mikich, A., Whittingham, D. G., and
complements the process of genetic imprinting and ensures Carroll, J. (1996). A cell cycle-associated change in Ca2/ tran-
embryonic viability. sients in mouse embryos during the ®rst mitotic division. J. Cell
Biol. 132, 915±923.
Leach, R. E., Stachecki, J. J., and Armant, D. R. (1993). Develop-
ment of in vitro fertilized mouse embryos exposed to ethanol
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